Screened precession photography was used to collect 11 A-resolution data for native and K2HgI 4 derivative crystals of southern bean mosaic virus. Rotation functions showed that not only the virus but also the sites of HgI 2-attachment had icosahedral symmetry. A difference Patterson synthesis was systematically searched for icosahedral distributions of vectors between heavy atoms. The resultant search function was examined for sets of solutions consistent with T = 3 symmetry. The major set of consistent peaks was then refined by a least-squares procedure which assumed the non-crystallographic symmetry. The resultant single isomorphous replacement phases were used to compute an electron density distribution which was icosahedrally averaged. The averaged map was the basis for an improved set of phases. Two further cycles of molecular replacement produced an electron density map with features similar to an earlier 22.5 Aresolution structure which had been determined without the benefit of any heavy-atom derivatives. The new 11 A-resolution map showed additional details consistent with the T = 3 symmetry.
Introduction
Particles of southern bean mosaic virus (SBMV) are roughly spherical with a molecular weight of 6.6 x 106 (Miller & Price, 1946; Yphantis, 1964 ) (Appendix I). * Present address: European Molecular Biology Laboratory, Postfach 10 22 09, 69 Heidelberg 1, Federal Republic of Germany.
~" Present address: Faculty of Pharmaceutical Sciences, University of Tokyo, Bunkyo-ku, Tokyo, Japan. Their mean diameter is 284 A, although the distance between opposing fivefold vertices is 318/~ (Johnson, Akimoto, Suck, Rayment & Rossmann, 1976) . There are 180 identical protein subunits, each of molecular weight 28 250 (Tremaine, 1966; Hill & Shepherd, 1971 ) (Appendix I) consistent with T= 3 quasi-symmetry (Caspar & Klug, 1962) . Four different crystal forms have been reported (Akimoto, Wagner, Johnson & Rossmann, 1975) , of which the type II crystals are the most suitable for detailed structural investigations. These belong to space group R32 where a = 318 A and a = 64o0 ' (or a = 337, c= 756 A in the hexagonal setting) with one virus particle in the rhombohedral unit cell located at the intersection of one threefold and three twofold axes (Fig. la) . Thus, the crystallographic asymmetric unit contains one-sixth of the virus particle corresponding to ten identical icosahedral units.
The packing of particles in the type II crystals was compared with that in other known crystal forms of SBMV by Akimoto et al. (1975) . They also distinguished between the two possible orientations of the icosahedral symmetry axes in the cell. Subsequently, Johnson et al. (1976) reported a 22.5 A-resolution electron density map obtained by ab initio molecularreplacement phase determination. The initial set of 40 A-resolution signs was derived from the transform of a sphere with a radius equal to the average radius of the particle. The sign determination was then extended to 22.5 A resolution by repeated averaging of the electron density and computation of structure factors to progressively higher resolution. The resultant electron density map suggested that the protein subunit had a bilobal structure with one lobe associated with hexamer or pentamer clusters and the other lobe close to the quasi-threefold axes. This paper presents the determination of the heavyatom positions for a K2HgI 4 derivative. Their refined parameters were used to compute a single isomorphous replacement map at 11 A resolution. The phases were improved by two cycles of a molecular-replacement averaging procedure.
In discussing the structural results, it is necessary to differentiate between three different types of symmetry elements (Fig. lb) : crystallographic, icosahedral and local quasi-symmetry. The virus particle has exact icosahedral 532 symmetry with one of its threefold and three of its twofold axes coinciding with crystallographic symmetry axes (Fig. la) . In a T= 3 surface lattice (Caspar & Klug, 1962) , there are additional quasi-or local symmetry axes giving rise to approximate symmetry relations between neighboring protein subunits. where I n is the mean of the n reflections I m on films 1, 2 ..... n. (b) IAI and (A2)v2 are the mean and r.m.s, differences with respect to the native data. P is the mean native structure amplitude for the terms used to compute I~1 and (,~2)1~2. :R = 1,711//~.
Data collection
SBMV of the cowpea strain (Ghabrial, Shepherd & Grogan, 1967) was isolated and crystallized in the type II form with the methods previously described by Akimoto et al. (1975) . The original SBMV sample was kindly supplied by Dr R. J. Shepherd. The heavy-atom derivative was prepared by crystallizing SBMV in the presence of 0.116 mM K2HgI 4. Although these crystals were generally smaller and were less readily obtained than the native crystals, they showed no discernible changes in cell dimension. When the concentration of KEHgI 4 was halved, the diffraction pattern showed only very small differences with respect to the native data. Differences in intensities between native and K2HgI 4 derivative crystals reach a plateau at about 0.07 mM KEHgI4, indicating that a limited number of specific sites had been substituted. Derivative crystals prepared by soaking K2HgI 4 into native crystals were normally cracked and showed poor diffraction patterns. Conventional screened precession photographs were used to collect 11 A-resolution data for both native and heavy-atom derivative crystals according to the scheme shown in Fig. 2 . The width of the annulus on the layer-line screen was 1 mm. 34 and 24 reciprocallattice planes were photographed for the native and derivative data sets, respectively. A new crystal was used for each film with 40 h exposure of Cu Karadiation from an Elliott rotating-anode X-ray generator. A 0.2 mm focal cup and a 0.2 mm diameter collimator were used for the native-data collection. A 0-1 mm focal cup and two perpendicular focusing mirrors (Harrison, 1968) were used in the K2HgI 4 data collection. The crystal-to-film distance was 10 cm for all films. The precession angle was set at Ix = 400 ' for zero-layer lines, but was reduced for upper levels so as to maintain the same exposure time without loss of resolution. Intensity measurements were made with an Optronics 'photoscan' film scanner. The filmscanning procedure (Matthews, Klopfenstein & Colman, 1972; Ford, 1974) determined the intensity of a reflection by a profile-fitting method. Such a technique is less affected by random error in optical density measurements than a summation integration process, especially in the case of the numerous weak reflections. Different films within one film pack, symmetry-related reflections within one film plane, and different film planes were successively scaled together for each compound by the method of Hamilton, Rollett & Sparks (1965) . The results of scaling the heavy-atom data to the native data with a least-squares procedure (Adams et al., 1969) are summarized in Table 1 . 
Rotation-function results
A rotation function (Rossmann & Blow, 1962) was computed ( Fig. 3) as a crude check of the native data. Although a variety of conditions were tested (radius of interpolation, maximum and minimum resolution limits and the number of large terms representing one of the Patterson syntheses), only minor alterations in the appearance of the function were observed. An icosahedral distribution of large peaks, corresponding to the previously determined orientation of the virus (Akimoto et al., 1975; Johnson et al., 1976) , was immediately obvious. A number of other systematic background features were, however, also present. These had the distribution of radial, quasi T= 4, local symmetry elements (Fig. 4) . Not only would it be surprising to observe quasi-symmetry but a T = 4 arrangement would require 240 protein subunits, which would be inconsistent with previous determinations. The molecular weight of the subunit had been established at around 28 500 by a number of investigators. Sehgal & Sinha (1974) found a molecular weight of 28000 using SDS gels. Tremaine (1966) and Ghabrial et ~al. (1967) found a molecular weight of 29 000 using amino acid composition and minimal sulfhydryl content. Hill & Shepherd (1971) used SDS gels on the severe strain of SBMV and found a molecular weight of 26 700 + 300. In addition, LonbergHolm & Korant (Appendix I) redetermined the molecular weight of the protein subunit from the cowpea strain of SBMV and found it to be 28 250 + 250. The molecular weight of the complete virus had been determined as 6.6 x 106 by Price (1946) and Yphantis (1964) . A sedimentation coefficient of 112S (Appendix I) for the cowpea strain of SBMV was consistent with the earlier work. Thus, even if the 21% RNA content (Ghabrial et al., 1967) is somewhat high, it was difficult to avoid the conclusion that there were only 180 protein subunits per virus particle.
Structure factors were, therefore, computed for a variety of models based on T = 3 and T = 4 symmetry, and corresponding rotation functions were calculated. Models based on T= 3 symmetry showed patterns similar to those observed for the SBMV data whenever the electron density tended to have a centrie distribution ( Fig. 5 ). It was concluded that the systematic background features in the observed SBMV rotation function were due to a pseudo-centric distribution of mass and not due to T=4 quasi-symmetry. The origin of the T = 4 distribution for the smaller features on the function is not entirely clear.
A self-rotation function was also computed for the difference Patterson synthesis with (FK2HgI,--Fnative) 2 coefficients to determine whether the heavy-atom positions maintained icosahedral symmetry. The conditions chosen for this function (Fig. 6 ) were similar to those selected for the native rotation function. The icosahedral symmetry was apparent, thus permitting a systematic search of the Patterson synthesis for an icosahedral distribution of heavy atoms.
The Patterson search
Systematic searches for heavy atoms in chemically identical environments related by non-crystallographic symmetry can be used when a straightforward interpretation of the Patterson synthesis would be difficult or impossible (Argos & Rossmann, 1974 . These techniques have been used to determine the heavy-atom positions for the icosahedral T= 1 satellite tobacco necrosis virus (Lentz et al., 1976) . The problem is somewhat more difficult for SBMV in view of the approximate nature of the T= 3 quasi-symmetry. Here, any one icosahedral asymmetric unit will contain multiples of three atoms related by the quasi-threefold symmetry axis whose orientation and position is not precisely known. Only vectors between trial atomic positions related by 532 symmetry can thus be treated, neglecting all vectors between and among the other two T= 3 related atoms. Possible solutions of the heavy-atom sites should, nevertheless, obey the quasi-symmetry. The 11 A-resolution difference Patterson map was computed on a grid with intervals near 3.7 A in each direction. Trial heavy-atom positions were tested within the icosahedral asymmetric unit (Fig. 7) defined by the crystallographic threefold axis, the icosahedral twofold axis and the icosahedral fivefold axis. The test positions were separated by an angle of 1 o in ~, and ~o corresponding to a distance of less than 2.7 A [see Rossmann & Blow (1962) for the definition of spherical coordinates, as well as Fig. 7] . Search sections at a constant radial distance, R, were generated between 118 A < R < 157 /~, in steps of 3 A. The fit of each vector distribution to the Patterson map was tested at 6642 positions in all. The criterion of fit was a modified sum of the Patterson densities at the end of the vectors (Argos & Rossmann, 1976) . The search function was inspected for peaks which were related by an approximate threefold axis near ~, = 79 °, tp= -110.9 °. This was readily accomplished by constructing a trigonal ruler of the type depicted in Fig. 8 . While quasi-equivalent peaks might be expected to lie on the same radial section, deviation from this assumption would occur if the quasi-threefold axes Notes: (a) The scale of the structure amplitudes was chosen to give less than 100 e for the largest site. (b) Kept constant throughout the refinement. were not radial. For instance, the quasi-threefold axes are parallel to the adjacent ieosahedral twofold axes in tomato bushy stunt virus (Harrison & Jack, 1975; Winkler, Schutt, Harrison & Bricogne, 1977) . In the latter situation the expected radial distance of quasithreefold related points would increase slightly as ~, decreases for the icosahedral unit selected in Fig. 7 . In Table 2 are shown combinations of the largest search function peaks which might be related by a quasi-threefold axis. By far the largest peaks in the search function (set A in Table 2 ) were related by a quasi-threefold axis (Fig. 8 ) approximately parallel to its neighboring twofold axis. The set of three largest peaks was, therefore, accepted as trial heavy-atom positions.
Refinement of heavy-atom sites
The quasi-threefold related peaks, suggested by the search function, were refined in a single isomorphous least-squares procedure adapted to include the icosahedral symmetry (Rossmann, 1976) . Thus only three atoms, A 1, A2 and A 3 (Table 2) , were refined independently, although 30 atoms were positioned by icosahedral symmetry within the crystallographic asymmetric unit.
The final parameters and an analysis of the refinement are given in Tables 3 and 4 , respectively. A difference Fourier map, based on the refined phases, gave no indication of any minor sites consistent with T= 3 symmetry. The R factor and figures of merit are reasonable for a single isomorphous replacement refinement. They do not, however, constitute proof of the correct interpretation of the Patterson synthesis. A test was, therefore, conducted in which only two of the sites were included in the refinement to observe if they gave the position of the third. After refinement of sites A~ and A 2 alone, phases were generated and used to compute a difference electron density map. The known sites had heights of 83 and 151 on the averaged map, respectively, whereas site Aa had a height of 27 arbitrary electron density units. Site A a was the third AI A~ Fig. 9 . Arrangement of heavy-atom sites A ~, A 2, and A a about the quasi-threefold axis. Angles and distances between quasiequivalent points are shown.
highest peak on the map. There were peaks of 25 and 21 units on the icosahedral fivefold and threefold axes, respectively, while all other peaks were less than 20 units. The refined positions were examined to determine the orientation and position of the quasi-threefold axes. Angular deviations from the threefold relation are less than 7 ° (Fig. 9 ) and the normal of the plane defined by the heavy atoms makes an angle of 2.5 ° with the neighboring icosahedral twofold axis.
The heavy-atom distribution is close to centric, thus any phase determination based on the K2HgI ~ derivative will yield both the real structure and a weaker enantiomorphous image. The degree of centricity imposed on the structure is dependent on the displacement of the heavy atoms (about 4/~ for site A ~) from the pseudo-mirror planes in relation to the resolution of the data. However, this effect is probably not too serious in the present study because the gross distribution of density is itself roughly centric to the limits of 11 /~ resolution, as demonstrated by the rotation-function results. 
Phase refinement by real-space averaging
Phase refinement and phase improvement by utilization of the redundant information present in electron density maps containing multiple copies of chemically identical subunits has been employed in a number of recent crystallographic studies of biological macromolecules (Champness, Bloomer, Bricogne, Butler & Klug, 1976; Winkler et al., 1977; Argos, Ford & Rossmann, 1975) . The 22.5 ,/k structure of SBMV (Johnson et al., 1976) was also obtained with the real-space averaging technique (Buehner, Ford, Moras, Olsen & Rossmann, 1974; Bricogne, 1974 Bricogne, , 1976 . In the 11 A structure determination of SBMV, a single isomorphous electron density map (Rossmann & Blow, 1961) was calculated on a grid suitable for 11 A resolution (3-4/l, per grid step in x andy, 3.7/t~ per grid step in z). The map was then averaged over the ten non-crystallographic icosahedral asymmetric units. The averaged map, with background set to the average electron density outside the molecular envelope, was Fourier transformed to obtain calculated amplitudes and phases. A new electron density map was computed using calculated phases and observed amplitudes modified by Sim weights (Sim, 1959 (Sim, , 1960 . Two iterations of this procedure were necessary to obtain reasonable convergence (Table 5) . No use was made of the isomorphous replacement phases after the initial calculation of the single isomorphous map. A comparison is shown in Fig. 10 of the single isomorphous replacement electron density, of the density after averaging and of the density distribution after phase refinement. An equatorial section, perpendicular to an icosahedral twofold axis, was chosen for this purpose. Evidence for the validity of the phaserefinement technique is apparent by the improvement of the quasi-twofold axis in the plane of this section.
Description of the structure
The electron density described below is the result of two cycles of molecular replacement with a final averaging. Parts of the virus electron density are shown in Fig. 11 (a) (near the surface) and in Fig. 11 (b) (below the surface). The virus is viewed down an icosahedral twofold axis. The region of the electron density displayed is indicated in Fig. 11 (c) .
The distribution of density in the present map is similar to that previously observed at 22.5 A resolution, but it shows more detail. In the earlier low-resolution map, the principle features were rings of density about the quasi-sixfold axis and fivefold axis and a blob of density at the quasi-threefold axis. The density distribution suggests a bilobal protein subunit with one lobe at a quasi-threefold axis and the other near a quasisixfold axis or a fivefold axis. The most striking feature of the 11 A map is the clustering of six distinct lobes about the quasi-sixfold axis and five lobes about the fivefold axis. Furthermore, three distinct lobes are visible around, but not on, the quasi-threefold axis.
The hexamer and pentamer clusters are different in appearance from the clusters about the quasi-threefold axis. The former show six features which gradually weaken with decreasing radius and eventually approach each other forming a 'cup'. The densities around the quasi-threefold axis are flattened and splay away toward the quasi-or icosahedral twofold axis as the radius decreases, forming a connection between the two lobes.
The heavy-atom positions have been marked on Fig. 11 for three subunits related by a threefold axis. The sites are surprisingly far from the virus surface, at an average radius of 125 A, yet they are easily accessible to solvent. They occur in the neck of density between the lobes of the protein subunit not far from the quasi-or icosahedral twofold axes.
In general, the T= 3 symmetry is well maintained near the surface of the virus. However, at about a radius of 118 A, there is very little density, while at even smaller radii the density is weak and does not obey the quasi-symmetry. It must, therefore, be presumed that most of the features at radii less than 118 A represent ordered RNA structure. As the radius decreases further the amount of ordered RNA decreases, as judged by the progressive weakening of distinct electron density features.
Conclusions
The reliability of the result of the SBMV structure investigation at 11 A resolution is supported by: (1)the electron density features as derived by single isomorphous replacement are consistent with the features of the 22.5 A-resolution ab initio molecular replacement result; (2) the electron density map is consistent with T = 3 symmetry near the surface of the virus corresponding to the protein coat; (3) the internal features lack symmetry, as would be expected if this space were occupied by RNA; (4) feedback experiments to verify the heavy-atom positions were successful. Thus, with the solution of the heavy-atom positions in the first isomorphous derivative, the major technical problems for a high-resolution determination have been solved. Although the distribution of heavy atoms is pseudocentric, the present phase determination has been employed to deconvolute the heavy-atom sites of other derivatives, permitting the computation of a 5 Aresolution electron density map (Suck, Rayment, Johnson & Rossmann, 1977) .
We are grateful to Dr Patrick Argos for helpful discussions and to Sharon Wilder for assistance in the preparation of the manuscript. We would like to thank the Purdue University Computer Center staff for assistance. tation. A sample containing 900 gg of purified SBMV was mixed with purified 14C-labeled polio virus type 2 (Lonberg-Holm, Gosser & Kauer, 1975) and diluted to a volume of 100 pl with saline phosphate (0.15 M NaC1 containing 0.05 M sodium phosphate, pH 7.3). The sample was layered on a linear sucrose gradient (4.9 ml volume, 10-25% sucrose in saline phosphate) and was centrifuged 50 min at 45 000 r.p.m, and at 2 ° in an SW50.1 rotor (Spinco Division, Beckman Instruments Inc.). The tube containing the gradient was punctured at the bottom, and fractions containing 2 drops each were collected. Aliquots of each fraction (20 pl) were counted for 14C, and then 3.0 ml water was added to the remaining portion of each fraction and the adsorption at 260 nm was measured. It was assumed that the polio-virus marker sedimented at 156S (Korant, Lonberg-Holm, Noble & Stasny, 1972) . The sedimentation coefficient of SBMV was calculated as 112S. The molecular weight of the coat-protein subunit of SBMV was determined by gel electrophoresis in sodium dodeeyl sulfate (SDS) of the dissociated virus particles. Purified SBMV virus particles (1 mg m1-1) were heated to 100°C in 0.1 M tris(hydroxymethyl)aminomethane(tris) buffer, pH 6.8, containing 1% SDS and 0.1% fl-mercaptoethanol (Korant et al., 1972) . The dissociated, reduced proteins were then alkylated with 0.1 M iodoacetamide to block sulfhydryl groups, and dialyzed against 500 volumes of 0.1 M tris butter, pH 6.8, containing 1% SDS and 7.5% glycerol. The SBMV protein subunit was analyzed by electrophoresis in a thin-layer polyacrylamide gel with SDS present (Knight, 1975) . Included in parallel tracks of the gel were well-characterized proteins, including polio-virus coat proteins, lysozyme, chymotrypsinogen, ovalbumin and serum albumin. The proteins were fixed and stained upon completion of electrophoresis by placing the gel in 0.25% Coomassie blue in 10% acetic acid, 50% methanol and destaining in 7% acetic acid. The molecular weight of the SBMV subunit was estimated by measuring its mobility compared with standards.
From the known relation between electrophoretic mobility and molecular weight of proteins in these gels (Weber & Osborn, 1969) , it was calculated that the SBMV coat-protein subunit, cowpea strain, has a molecular weight of 28 250 + 250.
APPENDIX II

Averaging of electron density maps*
The method of averaging electron density, developed for the determination of lobster glyceraldehyde 3-phosphate dehydrogenase, used skew planes to represent the density on a grid related to the non-crystallographic * By John E. Johnson. point group. Non-crystallographically equivalent grid points could then be readily averaged. Bricogne (1976) has described a 'double sorting' approach used in studies of B. stearothermophilus glyceraldehyde 3-phosphate dehydrogenase and tobacco mosaic virus disk protein. The procedure described below, developed independently by the author, is similar to that of Bricogne.
It will be assumed that the orientation and point of intersection of the non-crystallographic axes are known, and an envelope can be defined to contain all the molecule or particle about that center. In stage one of the program (Fig. 12a) , each grid point in the crystallographic asymmetric unit is transformed into one chosen Step 1 of the averaging procedure is to fill the molecular envelope of one molecule by operating with crystallographic symmetry operators on all grid points in the asymmetric unit. (b) Averaging over the non-crystallographic symmetry. Each grid point within the asymmetric unit is operated on by the non-crystallographic symmetry operator to generate four noncrystallographically equivalent points (the operation has been carried out on only one grid point for clarity). These non-integral points are then transformed back to the equivalent position within the asymmetric unit to be evaluated.
virus particle by testing to determine whether it is within or outside the chosen particle after a suitable crystallographic symmetry operation has been applied. The grid-point coordinates in the crystallographic asymmetric unit, a flag indicating the result of the test, and a number identifying the required symmetry operator are packed into one computer word and saved on tape I. It is useful to sequence the testing of grid points such that all points corresponding to sections in which the electron density is calculated are grouped together. In stage 2 (Fig. 12b) , each grid point generated in stage 1 is multiplied by the appropriate non-crystallographic symmetry operators. Since the points generated by non-crystallographic symmetry may lie in any region of the molecular envelope, it is necessary to transform those points beyond the limits of the crystallographic asymmetric unit to the related point within the asymmetric unit. Only the points originally on tape I will now necessarily lie on integral grid positions. Every set of non-crystallographically related points is given an index identifier. Each point together with the appropriate index identifier is packed into one word and stored on tape II. Thus for type II SBMV crystals, there will be ten times the number of points on tape II as on tape I. The contents of tape II are then sorted on the section number nearest to the non-integral points in the grid to facilitate efficient electron density evaluation.
It should be noted that the parameters generated on tape II depend only on the space group of the crystal, the grid size, the selected molecular center and the orientation of the non-crystallographic symmetry elements. As no reference has yet been made to the electron density, the previously described tape generation is carried out only once for a given grid on which the electron density is calculated.
To average the electron density, it is first necessary to evaluate the density at all the non-integral grid points. The electron density map is read sequentially, with two sections stored in the computer at one time. Each point stored on tape II lying on or between these sections is evaluated by interpolation according to the formula and P = Pk + AZ (Pk+ ~ -Pk) Pk : Pllk + AY(Pl2k --Pllk) + AXAY where Puk are sampled electron density values at the point (x,y,z) ; AX= (x --Xl)/(x 2 -x1); AY= (y -Yl)/ (3'2 --Yl); and AZ = (z -zl)/(z 2 --zl) where x 1 _< x < x2, Y~ -< Y < Y2, and z k _< z < zk+ r These densities and the associated index identifiers are then stored on tape III. This tape is sorted on the index identifiers, thus placing each set of non-crystallographically related densities together and, furthermore, they will be in the same order as the grid points on tape I. The mean density and standard deviation for each of these sets is then calculated. A map containing the averaged electron density at all grid points in the asymmetric unit is generated by reading the grid locations from tape I and assigning to them the averaged density calculated from tape III. If the point does not lie within the molecular envelope, a density value can be inserted corresponding to the average solvent density, a density value specified by the user, or by the original solvent density. In order for the averaged electron density map to be in the same orientation as was the unaveraged map, it is essential that the grid points on tape I are generated in a sequence corresponding to sections of the unaveraged electron density.
The averaged density can then be Fourier transformed. The resultant calculated phases, after combining with isomorphous-replacement phases, can be used to recompute an improved electron density map. The new map can again be averaged by using the information already on tapes I and II.
